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HEAT-TRANSFER MEASUREMENTS AT MACH 8 ON A FLAT PLATE WITH 
DEFLECTED TRAILING-EDGE FLAP WITH 
EFFECTS OF TRANSITION INCLUDED 

By Charles B. Johnson 
Langley Research Center 

SUMMARY 

An experimental investigation was made on a flat-plate model with a short trailing- 
edge flap deflected at angles of 10°, 20°, and 30° relative to the plate surface. These 
tests were conducted at a nominal free-stream Mach number of 8 and the nominal free- 
stream unit Reynolds number was varied from 0.72 x 10® to 35.8 x 10® per meter. Heat- 
transfer measurements and schlieren photographs were obtained at a range of wall-to- 
total temperature ratio of approximately 0.4 to 0.5. Predictions from several theories 
for laminar separated and attached flows were compared with data obtained on the plate 
and flap. Predictions from theories for attached turbulent flow were compared with data 
obtained on the flap. 

The combined results of schlieren photographs and heat -transfer data showed that 
for the largest flap angle transition occurred over the separated boundary somewhat 
downstream of the separation point at a unit Reynolds number which is approximately an 
order of magnitude lower than the unit Reynolds number at which the first indication of 
transition on the undisturbed flat plate occurred. The low unit Reynolds number for 
transition over the separated boundary indicates qualitative agreement with the "point-of- 
inflection criterion," which asserts that velocity profiles with points of inflection are 
unstable. Increasing the flap angle produced transition in the separated region at a lower 
unit Reynolds number. 

The heat-transfer predictions from flat-plate laminar similar solutions agreed with 
the data upstream of the interaction region. Some modified theories for laminar sepa- 
rated flow gave heating predictions which agreed with the data on the flap from the hinge 
line to the point of reattachment for the lower unit Reynolds number conditions. The flat- 
plate theories for turbulent flow showed agreement with the attached-flow heat-transfer 
data on the flap for only the highest unit Reynolds number conditions. The peak-heating 
data downstream of the point of reattachment on the flap for transitional separation was 
approximately two times greater than theoretical predictions for turbulent flow. 



INTRODUCTION 


The general problem of separated flows has been of interest for many years. For 
vehicles traveling at subsonic and low supersonic speeds, external flow separation can 
affect their aerodynamic performance, whereas engine performance can be severely 
compromised when flow separation occurs internally. In low-speed flow, the heat trans- 
fer is affected to some degree by separation but not seriously. However, the increased 
heating rates associated with separation at supersonic and hypersonic speeds, particularly 
in the area of reattachment, are a serious problem, which has received much attention. 
The basic types of supersonic and hypersonic separated flows that are studied experimen- 
tally are generally produced by one of the following simple two-dimensional and/or axi- 
symmetric flows or configurations: 

(1) Shock impingement on the boundary layer 

(2) Forward facing step or ramp 

(3) Rearward facing step or ramp (with extension for reattachment of dividing 

streamline) 

(4) Base flow or afterbody separation (with dividing streamline not reattached to 

body) leading to the wake flow problem. 

(5) Cavity flow 

(6) Various types of protuberances which may be regarded locally as combinations 

of the previously listed items 

One of the most widely investigated separated flows is that produced by a forward 
facing ramp or flap at the trailing edge of a flat plate. This configuration is generally 
considered to simulate a control surface at the rear of a vehicle. For hypersonic flows, 
the length of the flap in relation to the upstream length of the flat plate can affect the 
separation characteristics, the magnitude of the effect being a function of the Mach num- 
ber and Reynolds number. The flow may be modeled as a basic fluid-mechanics problem 
when the flap is of sufficient length to allow the flap pressure to approach the inviscid 
wedge pressure. (See refs. 1, 2, 3, and 4.) The inviscid-wedge-pressure level on the 
flap is generally reached when flow reattachment occurs well forward of the flap trailing 
edge. However, a control surface of a flight vehicle is usually short compared with the 
vehicle length; consequently, separation studies using a short flap are more practical. 

It is the purpose of this report to present the results of an experimental heat- 
transfer investigation on a flat plate with a short trailing-edge flap and to compare these 
results with predictions from several theoretical methods of calculating heat transfer in 
the separated- and attached-flow regions over the plate and flap parts of the model. The 
data were obtained at a nominal Mach number of 8 over a wall-to-total temperature range 
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of approximately 0.4 to 0.5 for flap angles of 10°, 20°, and 30° and over a unit Reynolds 
number range of 0.72 x 10® to 35.80 x 10® per meter. The results of pressure- 
distribution and flow-field studies of this investigation have been reported in references 5 
and 6. 

Previous heat-transfer tests at a nominal Mach number of 8 with a model similar 
to the one used in this report are presented in references 7 to 13. The data presented 
herein are unique in the following respects: 

(1) The ratio of the highest to lowest Reynolds number presented herein was 50, 
whereas it was about 5 for previous data. 

(2) The heating data in the separated region and on the flap are shown in more detail 
in the present investigation than in many previous instances. 

(3) The variation with unit Reynolds number of the beginning of the interaction and 
of the separation and reattachment points are presented herein. 

(4) The details of the variation of heating with a gradual change in unit Reynolds 
number are shown over eight increments of unit Reynolds number. 

(5) The effects of flap angle and unit Reynolds number on transition in the separated 
region are shown. 

Additional heat-transfer tests on flat-plate — ramp, cone-cylinder -flare and delta- 
wing models at various Mach numbers are reported in references 1, 2, 3, and 14 to 25. 
Investigations with other configurations which produce separated flow are reviewed and 
listed in references 26 to 30. 
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SYMBOLS 


speed of sound; also velocity profile parameter, 
flow and (y / 6j)ft = o for separated flow 



for attached 


average skin-friction coefficient 
local skin-friction coefficient 
specific heat of model material 
specific heat at constant pressure 
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f stream function (see ref. 36) 

G gas constant 

h enthalpy; also used for heat-transfer coefficient in definition of Stanton number 

k thermal conductivity 

L length of flat-plate part of model, 0.254 meter 

M Mach number 

m pressure-gradient parameter (see eq. (17)) 

Np r Prandtl number 

Ngt e Stanton number, h/ c pPe u e 

n pressure-gradient parameter (see eq. (21)) 

p static pressure 

q heat-transfer rate 

R unit free-stream Reynolds number 

^e,x = Pe u e x /^e 
r recovery factor 

S = (h t /h t , e ) “ 1 

s Reynolds analogy factor 

T temperature 

T' reference temperature 

t time 
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u 

u 

1,1 

X 

y 

/3 

y 

h 


«t 


v 

e t 


P 


Pm 


m 


<P 


Stewartson's transformed velocity (see eq. (16)) 
velocity component parallel to surface 
Stewartson's transformed coordinates 
coordinate parallel to surface from leading edge 
coordinate normal to the wall 

similar solution pressure-gradient parameter (see eq. (22)) 
ratio of specific heats at constant pressure and volume 
transformed boundary -layer thickness 


fC i / 

transformed displacement thickness, [ S + 1 

Jo \ 



stagnation enthalpy ratio, h^h^ e 
similarity variable (ref. 36) 

trailing-edge flap angle (positive when flap is deflected upward) 

absolute viscosity 

coefficient of kinematic viscosity 

density 

model material density 
model material thickness 
density-viscosity product ratio, pp / /p w p w 
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Subscripts: 


aw adiabatic wall conditions 

e local external conditions 

i incompressible values 

o at beginning of interaction or at hinge line when there is no interaction region 

r reattachment value 

s separation point 

T' evaluated at T' 

t stagnation conditions 

th theoretical 

tr beginning of transition 

v based on distance from virtual origin of turbulent boundary layer 

w wall conditions 

if/ flow deflection angle at edge of shear layer over separated region 

°° free-stream conditions behind oblique shock 

* value at dividing streamline 

A prime indicates differentiation with respect to 77 except when used on T. 
APPARATUS AND TEST PROCEDURE 
Description of Model 

The heat-transfer model used for these tests is shown in figures 1 and 2. The 
model was made from AISI type 347 stainless steel and had a sharp leading edge about 
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0.025 mm thick. The leading-edge section used on the heat-transfer model was the same 
as the one used on a geometrically similar pressure model described in reference 5. 

The flat-plate part of the model was 0.197 meter wide and 0.25 meter long. A 
0.0508-meter-long trailing-edge flap, which may be positioned at angles of 10°, 20°, and 
30° relative to the flat-plate surface extends across the back of the model. Tests were 
also made with a set of upper side plates with sharp leading edges, which extended back 
from the leading edge at an angle of approximately 6° as shown in figure 1 on a geomet- 
rically similar pressure model. 


Instrumentation 

The instrumentation for the heat -transfer model consists of 30 gage (0.254-mm 
diameter) thermocouple wire attached to a thin-skin part of the model. (See fig. 2.) The 
thermocouple junctions were made by spot welding individual thermocouple wires to the 
inside surface of the model skin. The thin-skin part was fabricated by milling a groove 
1.02 cm wide in the 2.54-cm-thick plate as indicated in figure 2. The flap was made 
from a 0.762-mm stainless-steel plate and was provided with a shield to prevent extra- 
neous heat inputs from the back or bottom side. 

Test Procedure and Data Reduction 

The tests were conducted in the Langley Mach 8 variable-density hypersonic tunnel. 
The tunnel operated at a nominal Mach number of 8 over a range of Reynolds number of 
0.72 x 10 6 to 35.80 x 10^ per meter. The tunnel stagnation conditions varied from 
172.4 kN/m2 and 594° K to 18.5 MN/m^ and 817° K for lowest and highest unit Reynolds 
numbers, respectively. A Mach number calibration of the flow is given in reference 31, 
and a further description of the facility is given in reference 32. Throughout the tests, 
the model was set at ^ angle of attack; this angle of attack resulted in a range of local 

Li 

Mach numbers on the plate from about 7.4 to 7.8. 

The heat-transfer tests were made with the model initially at room temperature. 
The model was injected into the tunnel test section from a vacuum chamber which had 
been evacuated to the test-section-stream static pressure. Approximately 0.05 second 
was required for the model to leave the chamber and enter the uniform test-flow region, 
and the heat-transfer data records were started i- second after the model was positioned 

Li 

in the test section. 

The heat-transfer data were obtained from the temperature -time history of each 
thermocouple as recorded at the rate of 40 points per second on magnetic tape by an 
analog-to-digital data-recording system. The temperature -time data were used to obtain 
dT w /dt in order to find the beat-storage rate in the thin skin of the model from the 
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following equation: 


1 - Pm c m T m 



( 1 ) 


The temperature-time derivative was taken as the slope of a linear temperature-time 

variation based on two temperatures evaluated at 1 and 2 seconds after the model was in 

the test section. The two temperature data points for this slope were calculated from 

the midpoint of two second-degree polynomials which were curve fits of the 40 recorded 

data points for each 1-second interval. The data used in these polynomials started at 

■I second and 1-i seconds after the model was in the test section. The above linear 
2 2 

method was used to reduce the scatter in the low unit Reynolds number (low-heating-rate) 
data. The scatter in the low-heating-rate data was a result of the electronic "noise" in 
the data-recording system. The present linear method considerably reduced the scatter 
in the data as compared with methods used previously (ref. 33, for example). A calcula- 
tion was made for the condition of maximum longitudinal conduction and the error was 
found to be less than 1.0 percent. 


The experimental heat-transfer coefficient was calculated from the following 
expression: 

h = <^T aw - T w ^ (2) 

where 

Taw = r(T t - T e ) + T e (3) 

and where T w was taken as the midpoint ^at 1^ seconds after model injection^ of the 
linear curve fit described previously. 

The recovery factor r for the reduction of all the heating data was \jNp r , where 

Np r = 0.72. The calculation of T aw from equation (3) was made for a nominal Mach 
number of 8 and the measured value of T^. The laminar value of recovery factor was 
used for all data reduction because of the uncertainty in the location of the beginning and 
end of transition. 


RESULTS AND DISCUSSION 
Transition 

The effect of transition on the extent of separation and the pressure levels in the 
separated region for the same configuration used in the present investigation has been 
discussed in references 5 and 6. 
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Schlieren pho tographs .- Schlieren photographs of the flow-separation model at 
Tw/ T t ~ 0.4 are shown in figure 3. These schlieren photographs were used to determine 
the approximate location of the beginning of transition on the separated-flow boundary. 
(Hereafter, the term "transition" will refer to the beginning of transition.) The location 
of transition was based on two observations: 

(1) A change in appearance of the white line over the separated-flow boundary which 

represents a change in the density gradient at the approximate ohter edge of 
the boundary layer (The validity of using the schlieren technique for finding 
transition is discussed and substantiated in ref. 16.) 

(2) The formation of waves originating from the same area of the outer edge of the 

shear region where the change in the white line was observed 

The schlieren photographs for 6f = 30° gave an indication of transition for all but the 
lowest unit Reynolds number tests (transition locations are marked in fig. 3(a)); however, 
in the schlieren photographs for 6f = 10° and 20°, transition could only be located for one 
of the higher unit Reynolds numbers. 

F lat-plate results .- The flat-plate transition data are shown in figure 4 and in the 
following table from references 5 and 6 in order to aid in the interpretation and evalua- 
tion of the heat transfer and transition results presented in this report. These data were 
obtained with the heat-transfer model shown in figures 1 and 2 with 0f = 0°. 


Unit Reynolds number, 
per meter 

Distance from leading edge to beginning 
of transition, x/L 

Local transition 
Reynolds number 

4.79 x 106 

Off the model 


8.69 

0.90 

1.99 x 10 6 

11.32 

.80 

2.30 

14.10 

.75 

2.69 

35.80 

.55 

5.00 


The higher level of the ^st,e^e,x data on fl a P * n figure 4 is due to a slight mis- 

alinement in the positioning of the flap relative to the flat-plate part of the model; how- 
ever, the misalinement should have no effect on the location of transition. 

Heat -tra nsfer results .- The results of the heat-transfer study are presented in fig- 
ures 5 and 6 in terms of Stanton number and in figures 7 and 8 in terms of the ratio of the 
measured local heating rate to the theoretical laminar heating rate at the beginning of the 
interaction. Results in these figures are presented for 30°, 20°, and 10° flap angles on 
the model with and without side plates. The locations of the beginning of interaction x Q 
were determined from the pressure data on a geometrically similar model presented in 
references 5 and 6. The separation point x s and the reattachment point x r were 
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determined from surface oil-flow studies also reported and described in references 5 
and 6. The results from these previous oil-flow studies indicated that the separated flow 
always reattached on the flap even for the lowest unit Reynolds numbers. It was pointed 
out in references 5 and 6 that the extent and type of separation (see ref. 16 for a defini- 
tion of the types of separation) is dependent on the length of the flap, particularly at the 
lower unit Reynolds numbers where reattachment is near the trailing edge. However, 
at the higher unit Reynolds numbers, as the reattachment point moves toward the hinge 
line and the flow downstream of reattachment becomes fully turbulent, the length of the 
flap is believed to have no significant effect on the extent of separation. It should be 
noted that for R = 35.80 X 10® per meter at flap angles of 30°, 20°, and 10° and for 
R = 14.10 x 10® per meter at = 10° there was no separation detected by the surface 
oil-flow tests. 

In figure 5(a) for 0.72 x 10® per meter = R ^ 8.69 x 10® per meter and 6f = 30°, 
the Stanton number decreases rapidly downstream of separation and then at a point in 
the separated region, upstream of the hinge line, it begins to rise. The increase of 
the heating with x downstream of the minimum heating in the separated region 
(R = 8.69 x 10® per meter in fig. 5(a)) is believed to be associated with the start of tran- 
sition occurring in the shear layer. (See refs. 15 and 21.) The location of the start of 
transition in the shear layer based on the rise in heating on the surface of the model 
ahead of the hinge line for both separated and attached flow is indicated by x tr in fig- 
ures 5, 6, 7, and 8. 

Comparisons of heat- transfer and schlieren results.- The location of transition as 
indicated by the heat-transfer data and the most upstream location of transition as indi- 
cated by the schlieren photographs are compared in figure 9 for 6f = 30° and 20°. The 
curves for the separation point and for transition location (fig. 9) have the same trend 
with change in unit Reynolds number until transition moves upstream of the separation 
point. The location of transition as indicated by the schlieren photographs is generally 
downstream of the location indicated by the heat-transfer data possibly because some dis- 
tance may be required for the structural changes associated with transition in the shear 
layer to develop sufficiently to be observed in the schlieren pictures. The distance 
between the start of transition and the separation point for 0 ^ = 30° decreases as the 
unit Reynolds number increases up to a unit Reynolds number per meter of approximately 
10 7 . (See fig. 9(a).) The agreement in the trends for the transition location inferred 
from the heat transfer and schlieren data in figure 9(a) supports the supposition that the 
rise in heat transfer in figures 5, 6, 7, and 8 is associated with the beginning of transition 
on the separated-flow boundary. 

The data in figures 5(a) and 5(b) at R = 8.69 x 10® per meter indicate that the 
start of transition in the separated shear layer occurs at x/L = 0.85 for 6f = 20° and 
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at x/L = 0.70 for Of = 30°. The start of transition on the flat plate (Of = 0°) for 
R = 8.69 x 10® per meter occurs at x/L = 0.90, which is somewhat downstream of the 
transition point for Of = 30° and 20°. Consequently, for a given free-stream unit 
Reynolds number, the effect of separation is to move the start of transition upstream. 

An exception to this effect of separation on transition is noted for the data in figure 5(c) 
at Of - 10° and R = 8.69 x 10® per meter. For this condition, there was no observed 
increase in the separated region upstream of the hinge line. Based on the heating dis- 
tribution, transition did not occur in this region. The reason for this anomalous result 
is not known. 

Ef fect of f lap angle and Reynolds number .- The effect of flap angle on transition in 
the separated region is shown in figures 5 to 9. The Of = 30° data of figure 5(a) first 
indicate transition at R = 0.72 x 10® per meter, whereas for the Of = 20° data, transi- 
tion is first detected at R = 1.38 x 10® per meter. Transition in the separated regions 
for Of = 10° (fig. 5(c)) apparently did not occur since no increase in heating for 
R ^ 8.69 x 10® per meter was observed. For the Of = 0° data, transition first 
occurred at R = 8.69 x 10® per meter. Thus the transition on the separated-flow bound- 
ary first occurs for the largest flap angles at a unit Reynolds number which is approxi- 
mately an order of magnitude lower than the unit Reynolds number at which the first 
indication of transition on an undisturbed flat plate (Of = 0°) occurs. (Compare figs. 4 
and 5(a).) For a given unit Reynolds number, transition was observed to move forward 
as the flap angle was increased. This forward movement of transition is related to the 
forward movement of separation as the flap angle is increased. From these results, it 
appears that transition (probably associated with shear -layer instability) occurs at pro- 
gressively lower unit Reynolds numbers as the flap angle increases from 10° to 30°. 

Possible reasons for transition occurring at progressively lower unit Reynolds 
numbers when Of increases are as follows: 

(1) The pressure level increases as the flap angle increases in the area of the pres- 
sure plateau above the separated region. The increases in pressure-plateau level are 
noted in practically all studies with a deflected trailing-edge flap and particularly in the 
experimental and theoretical results of references 5, 6, and 34. 

(2) The extent of separation upstream of the hinge line increases as the flap angle 
increases, as shown in figures 5, 6, 7, and 8. The pressure data upstream of the hinge 
line in references 5 and 6 indicate that a distinct pressure plateau above the separated 
shear layer is only formed for long separated regions, for which transition occurs a 
short distance downstream of separation (see figs. 5, 6, 7, and 8). Apparently, separa- 
tion is transitional when a well-defined pressure-plateau region is present and is laminar 
when no pressure plateau is present, as pointed out in reference 34. The results also 
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imply that if transition is to occur near the point of separation, then the extent of separa- 
tion must be large. 

(3) A final possibility is that the adverse pressure gradient at the point of separa- 
tion may increase with an increase in the flap angle. The experimental pressure data in 
references 5 and 6 do not clearly show such an increase in pressure gradient because of 
the scatter in the data. However, the theoretical results of references 5 and 6 show that 
at a given unit Reynolds number, larger peak (or plateau) pressure levels were always 
associated with larger pressure gradients near the separation point. In turn, the larger 
peak (or plateau) pressure levels were caused by an increase in flap angle. A discussion 
of boundary -layer stability in reference 35 states that "a favourable pressure gradient 
stabilizes the flow, whereas an adverse pressure gradient enhances instability." Thus, 
a decrease in stability with an increase in flap angle may be caused in part by the 
increase in pressure gradient in the neighborhood of the separation point. 

Classification of sep aration.- The location of the beginning of transition in the 
separated region for 6f = 30° in figure 5(a) indicates that these separation data are all 
transitional. The separation data at R = 14.10 x 10® per meter (fig. 5(a)) may also be 
considered transitional, even though transition starts upstream of the separation point, 
if the end of transition occurs downstream of the point of separation. The flow is com- 
pletely attached for all three flap angles at R = 35.80 X 10® per meter. The data in 
the separated regions for 9f = 20° (fig. 5(b)) are considered to be representative of 
l ami nar separation for R = 0.95 x 10® per meter based on the fact that the heating 
data upstream of the hinge line are either decreasing or nearly constant; the data for 
1.38 x 10® per meter = R § 14.10 x 10® per meter are transitional. The classification or 
type of flow within the separated region for Of = 10° in figure 5(c) is considered to be 
laminar for all values of unit Reynolds number based again on the fact that upstream of 
the hinge line no rise in heating occurs. If transition occurred in the separated-flow 
boundary over the flap, the exact location of transition would be very difficult to deter- 
mine because of (1) the rapidly changing heat-transfer rate, (2) the short length of the 
flap, and (3) the flow reattachment which also occurs on the flap. 

Heat Transfer 

Stanton number data .- The experimental values of Stanton number shown in fig- 
ures 5 and 6 were based on two sets of edge conditions. These values were calculated 
from (1) isentropic edge conditions by using the experimental pressure distribution from 
reference 5 over the entire model and (2) the oblique-shock edge conditions for the flap 
part of the model only. The location and magnitude of the peak value of Stanton number 
on the flap depends on which of these two methods was used to reduce the data. For both 
methods of calculation when R = 3.48 x 10® per meter, the peak Stanton number on the 
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30° flap (fig. 5(a)) occurs slightly downstream of the measured point of reattachment. 
However, the peak for isentropic edge conditions is closer to the point of reattachment 
than the peak for oblique-shock edge properties and first appears at R = 3.48 X 10 6 
per meter. The peak value of Stanton number, based on isentropic edge properties, 
on the flap is approximately 23 times the value evaluated by using the theory for 
laminar flow (ref. 36) on the flat-plate part of the model at the hinge line for 
R = 8.69 x 10® and 14.10 x 10® per meter. 

The results in figures 5(b) and 5(c) for the 20° and 10° flap angles, respectively, 
are similar to the results found in figure 5(a) for the 30° flap angle. Decreasing the flap 
angle causes (1) a decrease in the level of heating on the flap, (2) a downstream movement 
of transition, (3) an increase in the unit Reynolds number for the first indication of tran- 
sition, and (4) a decrease in the extent of separation. 

A comparison of the Stanton number data for the model with and without side plates 
is presented in figure 6 for flap angles of 30°, 20°, and 10° and Reynolds numbers of 
1.38 x 10®, 3.48 x 10®, and 8.69 x 10® per meter for each flap angle. The effect of side 
plates on the 30° and 20° flaps (figs. 6(a) and 6(b)) for all three unit Reynolds numbers 
was to increase the extent of the separated-flow region and thereby reduce the heating 
on the flat-plate part of the model. The extent of the separated-flow region and the 
heating distribution for the 10° flap data in figure 6(c) were essentially the same as 
the corresponding data in figure 5(c) for the flap without side plates except at 
R = 8.69 x 10® per meter where the data for isentropic edge conditions are slightly 
higher for the model with side plates than for that without side plates. The effect of side 
plates on the level of peak heating on the flap for the 30° and 20° flap angles, as shown in 
figures 6(a) and 6(b), was as follows: 

(1) At R = 1.38 x 10® per meter, the data for the model without side plates for both 
isentropic and oblique-shock edge conditions is higher than the data for the model with 
side plates. 

(2) The data for the model with no side plates which used oblique-shock edge con- 
ditions (open squares) at R = 3.48 x 10® per meter are higher than the data for the 
model with side plates (closed squares), whereas the data for the model with no side 
plates which used the isentropic edge conditions (open circles) are lower than the data 
for the model with side plates (closed circles). 

(3) The data at R = 8.69 x 10® per meter which used oblique-shock edge condi- 
tions were the same for the model with and without side plates (squares), whereas the 
data which used isentropic edge conditions was higher for the model with side plates 
(closed circles) than for that without side plates (open circles). 

There was no effect of side plates on the location of transition with the exception of the 
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data for 9f = 30° at R = 1.38 x 10® and 3.48 x 10® per meter where transition for the 
model with side plates occurred upstream of that for the model without side plates. The 
location of transition for the remaining data for the model with side plates was approxi- 
mately the same as for the model without side plates. 

Stanton number theory .- The local similarity solutions (zero pressure gradient) of 
Beckwith and Cohen (ref. 36) were compared with the heating data up to the hinge line in 
figures 5 and 6. (See appendix.) The agreement of the data and theory is good upstream 
of the beginning of interaction (x 0 ). The data in the separated region downstream of x 0 
fall considerably below the theory until the effects of transition cause a sharp rise in the 
heating above the laminar theory. 

The well-known theories of Monaghan (T f method, ref. 37) and of Van Driest 
(ref. 38) for turbulent heating on flat plates are used to obtain Stanton number and the 
results are compared with the heating data over the flap in figures 5 and 6. These two 
methods gave nearly the same predictions when the same edge conditions and virtual 
origins were used. The T t method was used with oblique-shock edge conditions and 
the virtual origin of the turbulent boundary layer at the hinge line, whereas the Van Driest 
theory was used with isentropic edge conditions and the virtual origin at (1) the hinge line 
and (2) the leading edge. The details of the calculation used in the theoretical prediction 
of Stanton number are given in the appendix. 

The Monaghan theory (ref. 37), which uses the hinge line as the virtual origin, shows 
agreement with the data in figure 5 for only R = 35.80 x 10® per meter. The Van Driest 
theory (ref. 38) which uses isentropic edge properties with the hinge line as the virtual 
origin slightly overpredicts the data for R = 35.80 x 10® per meter for Of = 30° and 20° 
and agrees with data for Of = 10°. 

The Van Driest theory which uses isentropic edge properties with the leading edge 
as the virtual origin underpredicts the peak heating and general level of heating on the flap 
for all turbulent and transitional separation data. (See ref. 16 for classification of sepa- 
ration.) The T r and the Van Driest methods which use the hinge line as the virtual 
origin underpredict the peak heating on the flap for 8f = 30° and 20° for transitional 
separation at 3.48 x 10® per meter = R = 14.10 x 10® per meter. (See fig. 5.) The T' 
method for a given x/L underpredicts the peak heating on the flap by as much as a 
factor of three for transitional separation at Of = 30° (fig. 5(a)). The Van Driest 
method with the hinge line as the virtual origin and with measured pressures for 
R = 8.69 x 10® and 14.10 x 10® per meter shows closer agreement with the data on the 
downstream part of the flap than the T' method does. Thus, it appears that the use of 
isentropic edge conditions with measured pressure will give a closer prediction of the 
level of heating in the downstream part of the flap than the use of the oblique-shock edge 
conditions. The data on the flap in figure 5(b) for Of = 20° at R = 0.95 x 10® per meter 
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and in figure 5(c) for Of = 10° at R = 4.79 x 10® per meter are overpredicted by both 
methods which use the hinge line as the virtual origin. These data which are overpre- 
dicted by the two methods using the hinge line as the virtual origin show no indication of 
transition in the separated region upstream of the hinge line. 

Heating-rate data .- The heat-transfer data in figures 7 and 8 are presented as the 
ratio of the local heat-transfer rate q to the theoretical flat-plate heat-transfer rate 
at the beginning of the interaction region q th Q . For the data at R ~ 35.80 x 10® per 
meter, there was no interaction region and q^ Q was evaluated at the hinge line. 

These are the same data as presented in figures 5 and 6, but are presented in terms of 
the nondimensional heating rate q/qth o * or the following reasons: (1) The basic 

interest and application of the experimental data to design problems is generally in 
terms of heating rates; (2) the recovery temperature is not required; and (3) several 
of the theories applicable to separated flows are more readily calculated in terms of 

V q th,o- 

As a result of presenting the data in terms of q^qth,o? tiie following conclusions 
are noted: 

(1) The q/q^ 0 ra ti° on the 30° flap in figure 7(a) for R = 4.79 x 10® per meter 
is nearly constant after the peak value is reached. 

(2) For 4.79 x 10® per meter = R ~ 14.10 X 10® per meter, the nearly constant value 
of heating on the 30° flap is approximately 40 times the laminar heating rate at the begin- 
ning of the interaction on the flat-plate part of the model; however, the heating rate on the 
30° flap for R = 35.80 x 10® per meter is only about 30 times the theoretical laminar 
reference value. (See fig. 7(a).) These results indicate again that transitional separa- 
tion causes higher heating rates on the flap than turbulent attached flow. 

(3) The 20° flap heating data in figure 7(b) for R = 8.69 X 10® per meter and 

R = 14. 10 x 10® per meter have a constant value of heating rate after reattachement that 
is approximately 30 times the laminar flat-plate value at the beginning of the interaction. 
The heating on the 20° flap for R = 35.80 x 10® per meter is also constant along the flap 
and is approximately 23 times the theoretical laminar flat-plate value at the hinge line. 

(4) The 10° flap data in figure 7(c) for R = 8.69 x 10® per meter again show the 
nearly constant values of heating after reattachment with heating ratios of approximately 
15 times the laminar reference values. 

A comparison of the heating-rate data for the model with and without side plates is 
presented in figure 8 for flap angles of 30°, 20°, and 10° and Reynolds numbers of 
1.38 x 10®, 3.48 x 10®, and 8.69 x 10® per meter for each flap angle. On the flap, all the 
data for the model with side plates for Of = 10° and the data for Of = 30° and 20° at 
R = 8.69 x 10® per meter are approximately the same as the corresponding data for the 
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model without side plates. The data on the flap for the model with side plates for 
Of = 30° and 20° at R = 1.38 x 10® and 3.48 x 10® per meter show a lower level of 
heating than the data for the model with no side plates. In general, the level of heating 
in the separation region upstream of the hinge line is lower for all the side-plate data. 

Heating-rate theory .- Chapman (ref. 39) has predicted that the value of the average 
heat flux to the wall in a separated region for laminar flow is reduced by a factor of 0.56 
of the value for attached flat-plate flow. The average heat input from the separation point 
to the hinge line for the data at Of = 20° and R = 0.72 X 10® and 0.95 x 10® per meter 
in figure 7(b) is approximately 0.50 and 0.61 of the undisturbed flat-plate value, respec- 
tively. These measured values are within 11 percent of the Chapman factor. 

The first quantitative analysis of a separated flow field was the integral analysis of 
Lees and Reeves (ref. 40). This method may be adapted for the prediction of the heating 
distributions in separated flows. (See appendix.) The method of determining the initial 
conditions used in the calculation of pressure distribution and the resulting pressure dis- 
tributions from the Lees and Reeves theory are presented in references 5 and 6 from the 
beginning of the interaction to the hinge line for Of = 30°, 20°, and 10°. The heat- 
transfer predictions which were calculated as a part of the above pressure distributions 
are presented in figures 7 and 8 and are referred to as the Lees and Reeves I theory. A 
modification was made to the method of determining the initial conditions used in the Lees 
and Reeves theory in order to obtain a solution over the flap. (See appendix.) The heat- 
transfer theory using this modification is referred to as Lees and Reeves n theory. The 
results from this theory are compared with the Of = 10° data in figures 7(c) and 8(c) 
from the beginning of the interaction to the point of reattachment. In general, the Lees 
and Reeves I theory tends to overpredict the heating in the separated region upstream of 
the hinge line (or upstream of transition) until the effects of transition at Of = 30° and 20° 
increase the level of heating, as shown in figures 7(a) and 7(b). In figure 7(c) for 
Of = 10°, both the Lees and Reeves I and the Lees and Reeves n theories are shown. The 
Lees and Reeves n theory gives closer agreement with the data in the separated flow 
region than the Lees and Reeves I theory; however, the Lees and Reeves n theory still 
slightly overpredicts the heating in the separated region over the flat-plate part of the 
model and underpredicts the heating on the flap. For laminar separation at 
R = 0.72 x 10® per meter in figure 7(c), the Lees and Reeves n theory gives a close 
representation of the heating on the flap, but for R = 0.95 x 10® per meter the Lees and 
Reeves H theory on the flap underpredicts the data by an increasing amount with an 
increase in the unit Reynolds number. Solutions on the flap were possible only when the 
extent of separation was small. This small extent of flow separation occurs on the model 
without side plates for the 10° flap angle. A solution was obtained for this model at 
R = 3.48 x 10® per meter (fig. 7(c)); however, no solution could be obtained for the model 
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with side plates at the same 6f and R because of the increase in the extent of separa- 
tion caused by the side plates. 

The laminar theory of Bertram and Feller (ref. 41 , see appendix) may also be used 
to calculate heat transfer in a separated region; however, prior knowledge of the pres- 
sure distribution is required. The theoretical results shown in figures 7 and 8 were cal- 
culated by using the experimental pressures over the flap; the theory predicted the heating 
distribution reasonably well upstream of reattachment for R S 3.48 x 10® per meter for 
the 30° and 20° flap angles. (See figs. 7(a) and 7(b).) For the higher unit Reynolds num- 
bers and for the data downstream of reattachment, the Bertram and Feller theory under - 
predicts the data. 

The modified separation-flow theory of Bushnell (ref. 42), in which the experimental 
separated flow geometry from schlieren photographs and oil flows is used (see appendix), 
is applied to flat-plate — trailing-edge-flap configuration, and the results are compared 
with the data on the flap in figures 7 and 8. The trend with unit Reynolds number from 
this theory is similar to the trend of the Bertram and Feller theory. The Bushnell theory 
predicts the heating from the hinge line to a point somewhat upstream of the reattachment 
point at 6f = 30° and 20° and R = 3.48 x 10® per meter. As the unit Reynolds number 
increases, the extent of the prediction over the flap is reduced. The irregularities in the 
theoretical curves for 6f = 10° from the Bertram and Feller (ref. 41) method over the 
flap in figure 7(c) are due to the use of the experimental value of the pressure distribution 
in the calculation. 


CONCLUDING REMARKS 
General Conclusions From Data 

Heat-transfer tests were conducted on a flat-plate model with a relatively short 
trailing-edge flap. The length of the flap may have affected the extent of separation, 
particularly at the lower unit Reynolds number R, where reattachment was near the 
trailing edge of the flap. The heat-transfer and schlieren results suggest that the rise 
of heat transfer in the separated region over the flat-plate part of the model is associated 
with the beginning of transition on the separated-flow boundary. This transition on the 
separated-flow boundary first occurs for the largest flap angles at a unit Reynolds number 
which is approximately an order of magnitude lower than the unit Reynolds number at 
which the first indication of transition on an undisturbed flat plate occurs. For a given 
unit Reynolds number, transition was observed to move forward as the flap angle was 
increased. This forward movement of transition is related to the forward movement of 
separation as the flap angle is increased. 
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There was no separation at a unit Reynolds number of 35.80 x 10® per meter for 
the 30° and 20° flap angles and no separation for Reynolds numbers of 14.10 x 10® and 
35.80 x 10® per meter for the 10° flap angle. The classification of the type of separation 
for the data with no side plates based on the heating variations upstream of the hinge line 
is as follows: (1) the data for a flap angle of 30° appear to be transitional; (2) the data 
for a flap angle of 20° are transitional for a Reynolds number between 1.38 x 10® to 
14.10 x 10® per meter; and (3) all the data for a flap angle of 10° appear to be laminar. 

The schlieren photographs and the distribution of the heat transfer for the 30° flap 
angle indicated that as the unit Reynolds number was increased from 0.72 x 10® to 
35.80 x 10® per meter the distance between the transition point and separation point 
decreased. 

The peak heating rate on the flap for separated flows was as much as 40 times the 
reference flat-plate value for the highest unit Reynolds number and the largest flap 
angle. In general, the heating on the flap increased with increasing flap angle. 

Conclusions From Comparison of Data With Theories 

Stanton number theo ries.- Various heat-transfer theories for the prediction of 
Stanton number were evaluated with the following results: 

1. The local similarity theory for laminar boundary layers of Beckwith and Cohen 
predicts reasonably well the flat-plate heating upstream of the beginning of the 
interaction. 

2. The Beckwith and Cohen theory overpredicts the heating in the region of sepa- 
rated flows over the flat-plate part of the model up to the transition location; downstream 
of transition the theory underpredicts the data. 

3. The Monaghan T T and the Van Driest methods with the virtual origin at the 
hinge line predict reasonably well the turbulent heating on the flap for attached flow at all 
three flap deflection angles for the highest unit Reynolds numbers. 

4. The peak heating on the flap with transitional separation for flap angles of 30° 
and 20° is underpredicted by both the Monaghan T' and the Van Driest theories at a 
Reynolds number between 3.48 x 10® and 14.10 x 10® per meter. The T' method for a 
flap angle of 30° underpredicts the peak heating on the flap by as much as a factor of 
three. 

5. For transitional separation the use of the measured pressures for calculating the 
isentropic edge properties resulted in better agreement between data and theory on the 
flap part of the model than the use of oblique-shock edge properties. 
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Heating-rate theory .- The theoretical prediction of the heating in terms of the ratio 
of the local heat-transfer rate to the theoretical flat-plate heat-transfer rate at the begin- 
ning of the interaction region was investigated for three laminar theories with the fol- 
lowing results: 

1. The Lees and Reeves method for separated laminar flows overpredicted the 
heating in the region of separation over the flat-plate part of the model until effects of 
transition at flap angles of 30° and 20° increased the level of heating. 

2. Solutions for the laminar heating on the flap by the Lees and Reeves method were 
only possible when the extent of separation was small. This small extent of flow separa- 
tion occurs on the model without side plates for the 10° flap angle. The theory of Lees 
and Reeves underpredicted the data on the 10° flap for even the lower unit Reynolds num- 
ber, and the extent of underprediction increased as the unit Reynolds number increased. 

3. The theory of Bertram and Feller in which experimental pressures were used, 
predicted the heating on the 30° and 20° flaps upstream of reattachment at the five lowest 
unit Reynolds numbers. The theory underpredicts the heating downstream of reattach- 
ment for the lower unit Reynolds numbers, whereas for higher unit Reynolds numbers 
with transitional separation, the theory underpredicts the data over the entire flap. 

4. The modified separation-flow theory of Bushnell, in which the experimental 
separated-flow geometry from schlieren pictures and oil flows is used, predicted the 
heating on the flap from the hinge line to upstream of the reattachment point for the lower 
unit Reynolds numbers. When the unit Reynolds number was increased, the theory of 
Bushnell underpredicted the data. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., April 21, 1970. 
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APPENDIX 


METHODS USED FOR CALCULATING HEAT TRANSFER 
Laminar Flat-Plate Method 

The similar solutions of Beckwith and Cohen (ref. 36) were used to calculate the 
laminar value of Ng^ e for the undisturbed flat plate. The expression for the product 
of the Stanton number and square root of the Reynolds number for /3 = 0, c p constant, 
and Np r = 0.72 is 


N St,e\| R e,x = 


0 . 982 ^ 

^aw _ TwYfpj^ 

k Tt Tty)|p w p w 


( 4 ) 


The results of the similar solutions are shown in figure 10 in terms of the heat- 
transfer parameter as a function of the ratio of the temperature at the edge of the bound- 
ary layer to the total temperature. The experimental data presented herein have an 
approximate range of 0.075 = T e /Tt = 0.084. The variation of Ng^ e ^R e)X from the 

mean of the data over the range of experimental conditions is approximately 3 percent, 
which means that the flat-plate heat-transfer parameter may be treated as a constant for 
these tests. 

In figures 7 and 8, the value of the measured local heating rate q is divided by the 
theoretical flat-plate laminar heating rate q^ Q evaluated at the beginning of the inter- 
action, (x/L) 0 . This theoretical heating rate is determined by first calculating the 
theoretical heat-transfer coefficient from the Ngt ?e ^R e>x data in figure 10 by using the 

edge properties calculated with the isentropic-flow assumption and measured pressure 
distribution (c p constant). This theoretical heat-transfer coefficient, the measured wall 
temperature, the measured total temperature with a 0.85 recovery factor r are then 
used to calculate q^ Q . 

The values for q^ for all three flap angles at R = 35.80 X 10^ per meter were 
evaluated at the hinge line (x/L = 1.0). The actual values of q^ Q used to normalize 
the measured heating rate in figure 5 are listed in the following table: 
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Value of q th kW/ m 2, f or - 

R, per meter 

1 

— 

: 


o 

o 

t-H 

II 

CD 

e f = 20° 

o 

o 

CO 

II 

CD 


No side plates 


0.72 x 106 

0.5314 

0.6844 

0.7785 

.95 

.6713 

.9136 

1.1020 

1.38 

1.0912 

1.1452 

1.2427 

2.13 

1.4277 

1.7922 

2.1179 

3.48 

2.1567 

2.4493 

3.2336 

4.79 

2.6196 

2.8034 

3.4379 

8.69 

3.7477 

3.8757 

4.3459 

14.10 

4.7466 

4.7443 

5.2811 

35.80 

8.8995 

8.9676 

8.7656 


Side plates 


1.38 x 10 6 

1.0260 

1.3416 

1.5254 

3.48 

2.1156 

2.7512 

3.4413 

8.69 

3.7444 

4.0440 

4.3221 

The ratio of q/q^ 0 for 

constant flat-plate edge and wall conditions, given by 


<l/ q th,o = 

fo/ x 

(5) 


was derived from equation (4) for attached flow with constant edge and wall conditions. 


Turbulent Flat- Plate Method 

The Monaghan T T method (ref. 37) and Van Driest theory (ref. 38) for the calcula- 
tion of turbulent-boundary-layer heat transfer were used to calculate Stanton number on 
the flap. The Monaghan T' method uses an intermediate temperature derived from the 
expression for mean enthalpy in reference 37 and defined as 

T' = 0.54T W + T e (o.46 + 0.0284m|) ( 6) 


to evaluate the fluid properties of density and viscosity. The following incompressible 
Karman-Schoenherr equations (see ref. 43): 
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are used to obtain a local skin friction in terms of the T' fluid properties. The skin 
friction based on reference conditions is put into the physical plane by replacing the T* 
density with the oblique-shock density. The x distance used in the T’ reference 
Reynolds number is based on the virtual origin of the turbulent flow occurring at the hinge 
line of the plate and flap. The hinge line virtual origin was first postulated by Becker 
and Korycinski (ref. 21) and used again by Holloway, Sterrett, and Creekmore in refer- 
ence 15. The Stanton number is calculated from a modified form of the Reynolds analogy, 

Nst,e=|^ (8) 

where s is the Reynolds analogy factor taken from the formulation of Van Driest in 
reference 38. The variation of s, calculated by using the Van Driest local-skin-friction 
expression, with the Von Karman mixing length (see ref. 38) is from approximately 0.823 
to 0.833 for a R e ,x range from 10® to 10^, respectively. In view of the small change 
in s over two orders of magnitude in R ex the value of s used in equation (8) was 
taken as a constant equal to 0.83 for all calculations using the Reynolds analogy. 

The Van Driest method of obtaining Stanton number uses the local value of skin 
friction obtained from the following equation (ref. 38): 



where 


a = 


{ 

1 

A 2 = 2 


2A 2 - B 
B 2 + 4A 2 


M 2 


T w /T 


w/ A e 


i3=. 


B 2 + 4A 2 


1 +21zJ:M e 

B = 2 f-1 


T w /T< 


The Reynolds analogy (eq. (8)) is then used to calculate the heat transfer. The Van Driest 
skin-friction equation (eq. (9)) was solved by transforming it into a form similar to Von 
Karman’s incompressible local skin-friction equation (see refs. 43 and 44), solving for 
the transformed local skin friction, and then transforming it back to the physical plane 
for the local value of skin friction. The edge properties used in the Van Driest local skin 
friction were evaluated from the measured pressure distribution with the assumption that 
the compression over the model occurred through a series of weak waves rather than a 
few strong shocks. This assumption enabled the following expressions to be used to cal- 
culate the "isentropic edge conditions" (y = 1.4): 
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u e = M e 49.1^f; (12) 

Equations (10) to (12) are also used in the reduction of experimental data when "isentropic 
edge conditions" are used in calculating the experimental Stanton number. 

The two applications of the Van Driest method shown in figures 5 and 6 differ in the 
choice of the virtual origin used in calculating the local Reynolds number. One Van 
Driest method uses the hinge line as the virtual origin of the flow, the same as used in 
the Monaghan T' method, whereas the other method used the leading edge as the virtual 
origin. 


Lees and Reeves Method for Separated Flow 

Calculations using the Lees and Reeves method for obtaining pressure distributions 
over the flat-plate part of the model are compared with the data and are discussed in ref- 
erences 5, 6, and 40. In reference 6, an extension of the Lees and Reeves method to 
include the slope of the enthalpy at the wall and the pressure-gradient parameter m 

as functions of the Lees and Reeves parameter "a" enabled heat transfer to be calcu- 
lated at the same time the pressure distributions were being calculated. These heat- 
transfer solutions are presented in figures 7 and 8 as Lees and Reeves I and are only 
calculated from the beginning of the interaction to the hinge line. The enthalpy and veloc- 
ity profiles were calculated by local similarity solutions for T w /Tt = 0.6, Np r = 1, and 
Cp constant. A polynomial of as a function of the single parameter "a" is given 
in references 5 and 6 for both separated and attached flows. 

The heat-transfer expression is derived from the basic definition of heat transfer 
to the wall, which is 


q w - k w 


9T W 

9 y w 


(13) 
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By using the Stewartson transformation, 


- Pe a e 
dX = — x_r- dx 

- Poo a °o 


and 


— a _p, 


dY = 


e^e 
a «P m 


dy 


with the enthalpy function defined as 


3 w 


.ha.! 

h t,e 


the longitudinal velocity defined as 




and 


V = Y 


(m + 1) — e 




where 


(14) 


(15) 


(16) 


(17) 


m = — £ — 

2 - 0 

the heat-transfer expression is obtained as 


q w =' 


k w P e | 

(m + 1) — , 


i p t | 

/ if 
' s w 

"O 

8 

O 

2 -H 



\ S W + 


(18) 


The and m, which are substituted into equation (18), are plotted as functions 

of the Lees and Reeves parameter a in figures 11 and 12, respectively. The dimen- 
sionless longitudinal distance x/L for flat-plate conditions is transformed to the X 
plane (see eq. (14)) for Reynolds numbers up to 14.10 x 10® per meter. The X values 
in figure 13 are used to determine the X^ value at the point where the Lees and Reeves 

solution joins the upstream flat-plate boundary layer. The X value is found by using 

o 

the experimental value of (x/L) 0 . (See ref. 5.) Once the value of X Q is known, the 
variation of X, used in equation (18) is found from the integration of Lees and Reeves 
differential equations. 

Determination of the initial conditions used in the Lees and Reeves I theory was 
accomplished by matching the momentum thickness with the upstream flow at (x/L) 0 . 
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(See ref. 5.) The theory predicted pressure distributions upstream of the hinge line 
which agreed with the data in references 5 and 6. However, the Lees and Reeves I 
method of calculation was deficient in the following areas: (1) the distance 
[(x/L) s - (x/L) 0 ] did not agree with the experimental values, (2) the calculated heat 
transfer overpredicted the data, and (3) a solution over the flap was not found. 

In order to obtain a solution over the flap and to improve the heat-transfer predic- 
tions, the Lees and Reeves n method for obtaining the initial conditions used in the theory 
was devised. The Lees and Reeves II method used the initial theoretical value of 
j(x/L) s - (x/L) 0 ] which were close to the known experimental values. A solution using 
the Lees and Reeves n method from the beginning of the interaction to the point of 
reattachment was obtained by first obtaining a solution for the attached and separated 
regions upstream of the hinge line until the correct value of £(x/L) s - (x/L) 0 J was found. 

Then the correct hinge-line location was put into the program and the calculation pro- 
ceeded into the separated region downstream of the hinge line. The criterion for 
obtaining a solution in the separated region over the flap is a modification of the method 
of reference 40 and consists of an iteration for the correct value of Moo+ based on the 
condition that (0 < N3 < 0. lj just downstream of reattachment. This new criterion for 

establishing the value of Moo+ was based on the assumption that the "neck” in the 
6* - X plane occurred just downstream of reattachment and satisfied the condition that 

d6? 1 No 

— =■ = — — -=^ * ° (19) 

« R e,6j D 


where 


variable defined by equation (25a) in reference 33 


N 3 


variable defined by equation (25d) in reference 33 


R ,* = 

e,6 t 


aooM e 6 ^ 


and where R «.* and D are finite. 
e >°t 

The distance of separated flow from the hinge line to the area of reattachment cal- 
culated by the Lees and Reeves II theory compared favorably with the data for = 10°. 
For the data at 6f = 10° at unit Reynolds numbers of 0.72 X 10® and 0.95 X 10® per 
meter, the distances measured by using surface oil flow from the hinge line to the point 
of reattachment were 4.72 and 4.60 cm, respectively, while the calculated distances for 
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the same conditions were 4.52 and 4.45 cm. A solution over the flap, using the Lees and 
Reeves n theory, could only be obtained when the extent of separation was small. This 
small extent of separation occurs when Of = 10°. 

For instance, at a unit Reynolds number of R = 3.48 x 10® per meter, the Lees 
and Reeves n method converged on a value of when the distance from x Q to the 

hinge line (approximately 4.8 cm corresponded to that for the model without side plates 
and Of = 10° (fig. 7(c)); at the same unit Reynolds number for the Of = 10° model with 
side plates (fig. 8(c)), the extent of separation increased (to approximately 6.35 cm) and 
no solution could be found. Attempts to obtain solutions also failed at other unit Reynolds 
numbers where the extent of separation was greater than that found for the Of = 10° 
data. Thus, it appears from these calculations with heat transfer ^T Wy /Tt = 0.6^ that the 
Lees and Reeves n method is applicable only for flap angles that will produce a small 
amount of separation. This same phenomenon appeared to be true from the results of a 
similar method of calculation by Holden in references 3 and 4. 

Laminar Method of Bertram and Feller 
(Effect of Pressure Gradient Included) 

The capability of predicting laminar heat transfer for hypersonic separated flows 
by the method of Bertram and Feller (ref. 41) was pointed out by Miller, Hijman, and 
Childs in reference 7; however, reference 7 shows a limited amount of heat-transfer data 
and even less application of the Bertram and Feller theory on the flap. The assumption 
of a constant temperature potential (T aw - T w ^ over the model gives 


q 

q th,o 




2(n + !)• 


Pe x o 

Pco X 


( 20 ) 


which is a slight modification of the heat-transfer expression of reference 41. The 
pressure-gradient parameter n used in equation (20) is related to the pressure by 

p e a x n (21) 


and the similar solution pressure-gradient parameter is related to n by 


/3 = 


i-r 


n 


Y 


n + 1 


(22) 


The value of 0 from equation (22) was used to find the value of from the results of 
similar solutions shown in figure 14. The similar solutions in figure 14 were made for a 
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APPENDIX — Continued 


Prandtl number of 1 and a p/x ratio of 1. The Bertram and Feller qyq^ 0 ratio in 

figures 7 and 8, calculated from equation (20), used the experimental pressure distribu- 
tion from references 5 and 6 and the appropriate attached or separated value of i?' 

w 

from figure 14 as a function of the calculated value of /3. 


Laminar Separated Flate-Plate Method of Bushnell 


The method of Bushnell (ref. 42) considers the reversed flow originating at the 
reattachment point as analogous to that on a flat plate with the leading edge at the 
reattachment point and with new edge properties for total enthalpy and velocity based on 
the separated flow geometry. The method of Bushnell in reference 42 has been modified 
for application to heat transfer on the present model. The approximate distance normal 
to the surface from the flap to the dividing streamline is given by 


1 ■ 

y* _ L 


L 

it ■ ‘] 


(23) 


where i// is the indicated flow deflection angle over the separated region defined and 
plotted in reference 5. The maximum reversed-flow velocity is found as a function of 
the parameter a for separated flow from curves given in reference 42. The value of a 
is found from 


0.6456 ^ P e u e — 


If 

T t 


lr 


a = 


x/L x 

Pw^w u e d l 


5.75 x 10 6 -^- + 1.120 
T t,e 


9.96 - 3.375 x 10 


5 uj 
t,e 


(24) 


f 7 /* 

Equation (24) is derived by substituting a curve fit of the integrals of \ drj and 

J 0 

P 7 ?* o 

\ (f 'rd 77 as a function of a and then substituting the two curve fits into 

J 0 


Si 


r* c «, . r* v> 2 4j- 

Jo Jo \2ht >( 




x/L 

Pw^w u e d l 


(25) 


fi 


where f is the stream function (see ref. 36). 



APPENDIX — Concluded 


The heat-transfer rate on the flap in the region of separated flow is calculated from 


T - Pw^w u e,* 


px/L 

J(x/L) r Pw,IwUe >*' 1 r 


(26) 


where the value of u e * is found from the curves of the velocity at the dividing stream- 
line as a function of a. 

The value of used in equation (26) was taken from the similar solutions in fig- 
ure 14 at /3 = 2.0 and was held at a constant value of = 0.361 for all calculations. 
The constant value of ^ used for the afterbody calculations in reference 42, using an 
equation similar to equation (26), was = 0.305 for /3 = 0 condition. The /3 = 0 
condition used in reference 42 was applicable for the essentially constant pressure over 
the afterbody separated region; however, for application to the separated reversed flow 
over the flap, the pressure gradient in the upstream direction is extremely favorable for 
all cases and a value of /3 = 2.0 was considered to apply to all calculations over the 
flap. 

The value of enthalpy used in the equation of reference 42 similar to equation (26) 
of the present report was approximately half of the free-stream total enthalpy. In the 
present report, the entire value of the free-stream total enthalpy was used, and the agree- 
ment with the data was better than when a fraction of the total enthalpy was used. It is 
believed that the use of the free-stream total enthalpy gives better results for the flap 
type of separation because the dividing streamline reattaches on the flap and the rear- 
ward stagnation point is on the flap. However, for afterbody separation flow which has a 
dividing streamline that never reattaches on the model and has a rearward stagnation 
point which is not on the surface of the model a value of heat-transfer potential that is 
some fraction of the total enthalpy could be used. 
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Figure 2 - Schematic of the heat-transfer mode!. All dimensions are in meters. 
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(c) Q f = 10°. 
Figure 3.- Concluded. 
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Figure 4.- The effect of Reynolds number on the location of the start of transition for 0f = 0° at 
T w /T t ~ 0.4 for the model without side plates. 
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Turbulent: 


O I sen tropic edge (exp. pressure) — Isentropic edge - V.O. at L.E. (ref. 38) 

□ Oblique-shock edge — • — Isentropic edge - V.O. at H.L. (ref. 38) 

Laminar: Oblique-shock edge - V.O. at H.L. (ref. 37) 



Distonce from LE., x/L Distance from L.E, x/L Distance from L.E. , x/L 


(a) 0 f = 300. 

Figure 5.- The effect of Reynolds number on heat transfer in terms of Stanton number at T w /Tt ~ for 
three flap angles. (Abbreviations.- V.O. is vertual origin; L.E. is leading edge; H.L. is hinge line- and 
exp. is experimental.) 
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(b) e f = 20°. 



(c) e f = io°. 

Figure 6.- The effect of side plates on the variation of Reynolds number with heat transfer in terms of Stanton number at JwAt ~ 0.4 for 
three flap angles. The locations x s , xt r , and x 0 are for the model with side plates. (Abbreviations: V.O. is virtual origin; L.E. is 
leading edge; H.L. is hinge line; and exp. is experimental.) 
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• O Experiment lees and Reeves I (ref. 40) 

— — Flat-plate theory (ref. 36) — x— x— x- lees and Reeves II (ref. 40) 

Bertram and Feller (ref. 41) * — Bushnell (ref. 42) 




(b) 0 f = 20°. 




(c) 0 f = 10°. 

Figure 8.- The effect of side plates on the variation of Reynolds number with heat transfer in 
terms of heating-rate ratio at T w /Tt ~ 0.4 for three flap angles. The locations x s , x^ r , 
and x 0 are for the model with side plates. 
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Figure 9.- The effect of Reynolds number on location of transition point and separation point. 
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Figure 9.- Concluded. 
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Figure 10.- The variation of laminar flat-plate (|3 = 0) heat-transfer parameter from similar solutions over the range of 
experimental free-stream-to-total temperature ratio. Np r = 0.72. 











(a) Favorable pressure gradient. 



(b) Adverse pressure gradient. 

Figure 14.- Similar solution of the heat-transfer parameter as a function of the pressure-gradient parameter. 

N Pr = 1.0; <D = 1.0; T w /Tt = 0.35. 
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